Two orthogonal preproduction seismic surveys and a regional seismic survey acquired after eight years of production from the Bullwinkle field (Green Canyon 65, Gulf of Mexico) reveal extraordinary seismic differences attributed to production-induced changes in rock and fluid properties. Amplitude reduction (of up to 71%) occurs where production and log data show that water has replaced hydrocarbons as the oil-water contact moved upward. Separate normalizations of these surveys demonstrate that time-lapse results are improved by using seismic surveys acquired in similar orientations; also, clearer difference images are obtained from comparing lower-frequency data sets. Superior stratigraphic illumination in the dip-oriented survey relative to the strike-oriented surveys results in nongeological amplitude differences. This documents the danger of using dissimilar baseline and monitor surveys for time-lapse studies.
INTRODUCTION
Time-lapse seismic analysis uses two or more seismic surveys acquired over the same location at different times to image the effects of fluid movement and pressure changes in response to production. This is possible because changes in fluid saturation and reservoir pressure can produce differences in seismic response (Landrø, 2001) . If rock properties and structure are assumed to be time invariant, then, ideally, only differ- ences from production effects should be observed in the seismic surveys.
Primary production of a water-drive reservoir causes the oil-water contact to move upward. Modeling and observation demonstrate that acoustic impedance increases in regions where water has replaced oil. Conversely, exsolution of free gas into a reservoir decreases its impedance (Lumley, 2001) . The acoustic properties of a hydrocarbon reservoir can also be altered during primary production by changes in pressure and temperature (Batzle and Wang, 1992) .
This study uses three seismic surveys originally shot for exploration purposes to image drainage of the J2 reservoir at the Bullwinkle field (Green Canyon 65) in the Gulf of Mexico (Figure 1 ). Two seismic surveys were acquired orthogonally to each other in early 1988, one year before production commenced (O'Connell et al., 1993) . We compare these two reprocessed surveys with a third survey acquired in 1997 after eight years of production from the field (Figure 2 ).
We perform a poststack normalization procedure presented by Burkhart et al. (2000) to maximize the similarity between the seismic data in zones unaffected by production. We then statistically characterize the similarity between the surveys in these zones to determine the significance of the differences that we observe in the reservoir.
The J2 event exhibits strong (up to 70%) and consistent amplitude reduction (dimming) in the water-swept section of the reservoir. Fewer significant changes occur above the 1997 oilwater contact, although some updip areas display brightening as a consequence of gas exsolution. Our results demonstrate that the two seismic surveys with closer acquisition directions have greater similarity in regions unaffected by production and consequently reveal more reliable differences in the J2 reservoir over calendar time.
BACKGROUND The Bullwinkle field
The Bullwinkle field lies 240 km southwest of New Orleans, Louisiana, in Green Canyon blocks 64, 65, and 109 ( Figure 1 ) in water depths of 400 to 550 m. It is situated along the western margin of a Pliocene-Pleistocene salt withdrawal minibasin. The field was discovered in 1983, and initial production began in July 1989 from a 60-slot conventional platform. Total reserves 
FIG. 2.
Basemap showing the perimeter of the 1988 Bullwinkle 3D surveys and the subset of the regional 1997 survey considered in this project. Numbered boxes signify the Green Canyon lease blocks. The 1988 surveys were acquired orthogonally to each other, prior to production. The 1997 survey was shot north-south after eight years of production. Arrows represent the survey acquisition direction. are estimated at 160 million barrels of oil equivalent (BOE), of which over 130 million BOE had been produced by 2000.
Most of the reserves are contained in five interconnected deepwater channel and sheet turbidite sands collectively known as the J-Sands. The sands have excellent porosity (30-34%) and permeability (0.5-2 darcies). The pressure communication between the sands and their high compressibility means that all J-sand reservoirs have a strong water-and/or compaction-drive mechanism (Holman and Robertson, 1994) .
As is frequently observed in the Gulf of Mexico, the J-Sand reservoirs have lower density and velocity than the bounding shales. The impedance contrast is particularly strong at Bullwinkle because the undersaturated oil hydrocarbon column has a high gas-oil ratio (GOR) [500-1300 standard cubic feet/stock tank barrel (SCF/STB)]. The aquifer regions of the sands have a small impedance contrast with their adjacent shales. This affords easy identification of hydrocarbonwater contacts (O'Connell et al., 1993) and also makes reservoirs such as the Bullwinkle J-Sands ideal locations for observing oil-water movement using time-lapse seismic analysis (Lumley, 2001) .
This study concentrates on the J2 Sand, which is the major hydrocarbon producer at Bullwinkle, with over 50% of the total reserves. It is laterally extensive in the northern and western sections of the minibasin and is typically 10-30 m thick. Dips are steepest against the western salt flank and exceed 20
• in the southern region of the reservoir (Figure 3 ). The original oil-water contact is clearly defined by the preproduction surveys to lie at 3785 m (Figure 3 ). Production data and pulsed neutron capture (PNC) logs show that the oil-water contact moved 250 m upward to around 3535 m in 1997 in the main section of the J2 but moved more slowly along the northern margin of the reservoir.
FIG.
3. Picked horizon amplitude and depth-converted structure map of the J2 event, showing the lateral extent of the 4D Volume (solid box), which extends from 3.1 to 4.0 s in two-way traveltime. The dashed box is the Aquifer Volume, used to determine the normalization parameters. Dashed red and dark blue lines delimit the J2 Aquifer Horizon and J2 Reservoir Horizon, respectively. Black circles represent production well, blue circles are injection wells, and white circles locate other penetrations. Line A-A corresponds to the cross-section in Figure 4 .
3D seismic surveys
Three 3D seismic surveys are considered (Figure 2 ). Two were acquired just prior to the onset of production in 1988. They were shot orthogonally with the intent of investigating the effect of shooting direction in the presence of complex salt geometry (O'Connell et al., 1993) . One is oriented at 020
• -200
• and is referred to as the 1988 north-south lowfrequency (NSLF) survey (Table 2 ). The second, the 1988 eastwest high-frequency (EWHF) survey (Table 2) , is oriented at 110
• -290
• . The third survey, the 1997 survey (Table 2) , is a regional, nonproprietary survey acquired in a north-south orientation after eight years of production.
A prestack trace-by-trace running summation was performed on the 1988 surveys, together with poststack spectral equalization (whitening). We consider both the whitened (1988 NSHF) and nonwhitened (1988 NSLF) versions of the north-south surveys and solely the whitened (1988 EWHF) version of the east-west survey (Table 2) .
Approximately the same range of offsets is present at the J-Sand level in all of the surveys. Although the maximum offset used in acquiring the 1997 survey is nearly double that of the 1988 surveys (6010 m versus 3930 m, Table 3 ), this is counteracted by the offset weighting and mute applied to the data sets during their original processing (Swanston, 2001) . All variables are defined in Table 1 .
NORMALIZATION METHODOLOGY
The Bullwinkle seismic surveys have considerable differences in acquisition and processing (Table 3) , which dictates that they must be normalized before they can be compared directly. We perform three normalizations: (1) the 1997 survey to the 1988 EWHF survey; (2) the 1997 to the 1988 NSHF survey; and (3) the 1997 survey to the 1988 NSLF survey (Table 2, Figure 4) . In each normalization, the 1997 volume is reshaped to match a different 1988 volume. This results in three different versions of the 1997 survey: the 1997a , 1997b , and 1997c volumes (Table 2) . We then compare the two high-frequency normalizations with each other to evaluate the effect of survey orientation upon the time-lapse result, and the two north-south normalizations to investigate the impact of spectral whitening. Figure 2 , processing flow in Table 3  1988 NSHF 1988 north-south high-frequency (whitened) survey; extent defined in Figure 2 , processing flow in Table 3  1988 NSLF 1988 north-south low-frequency (nonwhitened) survey; extent defined in Figure 2 , processing flow in Table 3  1997 1997 survey; extent defined in Figure 2 , processing flow in Table 3 
Procedure
We use a subvolume from each of the surveys that includes the main J-Sand reservoirs (the 4D Volume, Table 2 , Figures 3 and 5). Normalization parameters are calculated from a region within the 4D Volume, in which we assume that production effects are minimal (the Aquifer Volume, Table 2 , Figures 3 and 5). These parameters are then applied to the entire normalization volume, so that real differences resulting from production are not falsely reduced.
In all normalizations, the more closely spaced 1997 survey traces are rebinned to match the trace locations of the 1988 surveys using a 2D weighted linear interpolation (Burkhart et al., 2000) . A bulk shift was then applied to the 1997 data sets in the x, y, and time directions. The optimal shift is determined The 1988 EWHF survey was acquired and processed using a very similar methodology to 1988 NSHF survey. However, its orientation was 070
• , and the final bin dimensions were 15 m in-line, 31 m cross-line. Poststack whitening was not performed on the 1988 NSLF survey.
by crosscorrelating the 1988 data with the 1997 data to find the position in which the data sets have greatest similarity. The 1997 data are shifted in a similar manner in each of the normalizations, with the largest shift being necessary in the time (vertical) direction of 20 to 28 ms upward (Table 4) . In general, the bulk shifts correct for differences in the data from navigational errors, static time differences, and processing differences. An identical high-cut filter is applied to both the 1988 and 1997 data volumes in each normalization (Table 4 ). The high-cut filter eliminates frequencies in the higher frequency volume that are not present in the lower frequency volume.
A Wiener matching filter is used to reshape the 1997 data so that it is more similar to the 1988 data. Since the whitened 1988 surveys contain higher frequencies than the 1997 data, the matching filter also acts as a whitening filter in the EWHF and NSHF normalizations ( Figure 6 ). This is not the case in the NSLF normalization, in which the cross-equalization filter reduces frequency content of the 1997 data.
Preliminary time-domain amplitude balancing is performed prior to Wiener filtering so that the match filter can have the greatest effect in equalizing the phase and time alignment of the embedded wavelets. A Wiener filter is then calculated in the time domain for each corresponding pair of traces in the Aquifer Volume. The filter coefficients are averaged to derive a single filter to apply to the whole of the 1997 volumes. The Aquifer Volume is chosen in a shallowly dipping section Figure 3 ). of the aquifer (Figure 3) , which reduces the need for the filter time-alignment procedure applied by Johnston et al. (2000) .
The final step is to statistically balance the amplitudes of the surveys. Amplitude scaling is accomplished using the following equation, which utilizes the mean (ȳ) and standard deviation (σ y ) of the aquifer volume of data set y:
The result is a normalized seismic volume (ŷ) whose Aquifer Volume has a standard deviation of 10 and mean of zero. The mean and standard deviation of the Aquifer Volume in each of the normalizations before and after amplitude scaling are listed in Table 5 .
STATISTICAL ANALYSIS

Quantifying repeatability
Any differences between the normalized seismic data sets in regions that should remain unchanged between the acquisition (black) surveys. The top row shows the survey spectra after only rebinning the 1997 survey in (a) the EWHF, (c) the NSHF, and (e) the NSLF normalizations. The bottom row contains the survey spectra after normalization in (b) the EWHF, (d) the NSHF, and (f) the NSLF normalizations.
of the 1988 and 1997 surveys are regarded as noise or error in the data. We consider the Aquifer Volume, the J2 Aquifer Horizon, and the G2 Horizon (Table 2 ). The G2 is a volcanic ash event located approximately 300 ms above the J2 Sand that should be unaffected by hydrocarbon production. We use the correlation coefficient (r ), as defined by Burkhart et al. (2000) , between the 1988 and 1997 data in the Aquifer Volume to quantify the success of each normalization step (Figure 7 ). When r = 1, the data are perfectly correlated and all points on a crossplot of amplitudes from the 1988 and 1997 surveys lie on a straight line. When r < 1, the data are not perfectly correlated, which may be a result of changes in rock and fluid properties or error in the data.
Regression model
We use the regression model presented by Burkhart et al. (2000) to discriminate differences that have a higher probability of representing true changes in rock and fluid properties. This is done by considering the distribution of the Aquifer Volume data about its geometric mean regression line (GMRL). The scatter of the data perpendicular to the GMRL, p, is related to their correlation. Hence, highly correlated aquifer volumes are more tightly clustered around the GMRL than less correlated volumes. We then derive prediction bands that express the probability of an Aquifer Volume data point lying within them, such that the 90% prediction bands contain 90% of the data, and there is consequently a 90% probability that a data point in the Aquifer Volume will lie within them. The prediction bands describe the amount of noise or error present in the data after normalization (Burkhart et al., 2000) . We assume that real differences that lie within the 90% prediction bands cannot be distinguished from noise and color them gray on subsequent difference maps.
RESULTS
Aquifer Volume statistics
Correlation increases in each step in all of the normalizations (Figure 7 ). After rebinning, the 1988 and 1997 volumes are uncorrelated in all cases. This is because they are misaligned by approximately 25 ms two-way traveltime (Table 4) . The global shifting operation accounts for most of this error (gray solid line, Figures 7a-c) , giving a large increase in correlation at all depths. As expected, high-cut filtering produces a very small or negligible increase in similarity (gray dashed line, Figures 7a-c) . Weiner filtering increases correlation by approximately 10% over the frequency-filtered volumes (black line, Figure 7a-c) . The NSLF normalization produces the highest overall correlation (black line, Figure 7d ), whereas east-west normalization gives the lowest correlation (gray line, Figure 7d) (Table 5) .
Correlation r is greatest in all cases around 3300 and 3800 ms (Figure 7d ), which is also where the rms of the individual survey amplitudes is high. These depths correspond to the G2 horizon and a combination of the J-sands and the top-salt event, respectively. We interpret that the higher correlation reflects the fact that the S/N ratio is high in zones with large amplitudes.
The normalized Aquifer Volume crossplots of 1997 versus 1988 data exhibit significant scatter above and below their respective GMRLs (Figure 8 ). Greatest scatter is evident in the EWHF normalization (σ p = 7.64) (Figure 8a) , least in the NSLF normalization (σ p = 6.60) (Figure 8c) (Table 6 ). The prediction band widths are consequently widest in the EWHF normalization and narrowest in the NSLF normalization (Table 7) . This demonstrates that the 1988 and 1997 Aquifer Volumes are most similar in the NSLF normalization and least similar in the EWHF normalization.
Horizon statistics
A crossplot of G2 event amplitudes in the NSLF normalization (Figure 9a) shows that the G2 amplitudes follow the trend of the NSLF Aquifer Volume (aquifer GMRL). This supports the interpretation that the G2 did not change with time. The J2 Aquifer Horizon shows much less scatter than the J2 Reservoir Horizon (compare Figures 9b and 9c) . This is expected because 99.99% prediction bands. These points have less than a onein-ten-thousand chance to be noise. Second, the slope of the NSLF J2 reservoir GMRL is much less than one. Finally, the J2 Reservoir Horizon amplitude extractions also exhibit a substantial reduction of mean amplitude (Table 8) .
Differencing
Normalized 1997 amplitudes are subtracted from the normalized 1988 amplitudes to illustrate the change in seismic response over calendar time. Difference cubes were of limited value because differences are present that are a result of misalignment of seismic reflectors between surveys (Swanston, (a) and (c). The amplitude maps were created by extracting the minimum amplitude corresponding to the J2 event. The J2 well penetrations and depth-converted structure contours (50-m contour interval) are delineated. Warm colors correspond to large negative amplitudes and to where the J2 event has increased in absolute amplitude over time (brightening). Cool colors represent small amplitudes and where the J2 event has decreased in absolute amplitude over time (dimming). OWC = oil-water contact; OOWC = original oil-water contact.
2001). Johnston et al. (2000) attribute similar traveltime differences in the Lena (offshore Gulf of Mexico) seismic surveys to different migration velocities and algorithms used in the original processing of the data. At Bullwinkle, this is supported by the fact that the differences are greatest where the dips are steepest. Leggott et al. (2000) show that traveltime differences of as little as 4 ms can produce substantial differencing errors. We overcome these traveltime differences by interpreting events separately in the normalized data and then differencing the resulting amplitude extractions. This procedure is less sensitive to event-positioning errors in the normalized surveys but does rely on the normalization procedure to account for differences in the embedded wavelet in the 1988 and 1997 surveys. The J2 interpretation difference maps (Figures 10d-12d ) provide a spatial picture of how the amplitudes in the J2 horizon have changed over time. The difference maps are closely related to the horizon crossplots (Figure 9) , which show the change in amplitude in a window around the separately interpreted horizons. The prediction bands derived from the aquifer volumes are used to describe the magnitude of the J2 differences (Figures 13 and 14) . In the maps, the difference between the normalized 1988 and 1997 amplitudes (or the distance that the amplitudes plot from the GMRL) is represented by a color scale. Cool colors correspond to points where troughs have decreased in absolute amplitude over time (dimming) or where seismic peaks have increased in amplitude over time. Warm colors represent regions where negative troughs have increased in absolute amplitude (brightening) or where peaks have weakened.
The J2 interpretation difference maps from all three normalizations exhibit significant dimming in the structurally lower two-thirds of the reservoir (Figures 10d, 11d, 12d, 13, and 14) . This region corresponds to where oil has replaced water in response to production (Comisky, 2002) . Dimming is patchier and less significant in the NSHF normalization (Figure 11d) , while the NSLF normalization shows the most pervasive amplitude reduction (Figure 12d) . Differences in the reservoir above the 1997 oil-water contact tend to be small and more random in nature, and little significant change occurs in the J2 aquifer.
FIG.
12. Amplitude and difference maps of the J2 event in the NSLF normalization: (a) normalized 1997c , (b) original 1997, (c) normalized 1988, and (d) difference between (a) and (c). The amplitude maps were created by extracting minimum amplitude corresponding to the J2 event. The J2 well penetrations and depth-converted structure contours (50-m contour interval) are delineated. Warm colors correspond to large negative amplitudes and to where the J2 event has increased in absolute amplitude over time (brightening). Cool colors represent small amplitudes and where the J2 event has decreased in absolute amplitude over time (dimming).
INTERPRETATION
Repeatability
Repeatability is commonly quantified either with the correlation coefficient r or through the rms ratio (R R) ( Table 1) . Swanston (2001) defines the rms ratio and shows that it is related to the correlation coefficient in the following fashion for normalized seismic data with equal S/N ratio:
The repeatability achieved in the Aquifer Volume at Bullwinkle as measured by the rms ratio is 0.80, which corresponds to r = 0.70 (Table 9 ). This is among the most successful examples that use 3D data not originally acquired for time-lapse purposes (Table 9) . We attribute this to our careful matching process and Bullwinkle's favorable rock and fluid properties. Studies that have shot and processed data specifically for timelapse analysis achieve rms ratios of 0.3 to 0.4 (r = 0.92 to 0.96).
Acquisition orientation
The repeatability within the Aquifer Volume is higher in the NSHF data than in the EWHF data (Table 6 ). For example, the NSHF Aquifer Volume correlation coefficient is 0.68 versus 0.59 for the EWHF aquifer volume. Higher correlation is also found in the NSHF normalization than in the EWHF normalization at the G2, J2 Aquifer, and J2 Reservoir horizons (Table 6 ). This may be because the acquisition direction of the east-west 1988 survey is 70
• different to the 1997 survey, while the orientation of the north-south 1988 survey is only 20
• apart from the 1997 survey (Table 3) . (Figures 8a and 8b) . Warm colors correspond to where the J2 event has increased in absolute amplitude over time (brightening), cool colors show where the J2 event has decreased in absolute amplitude (dimming). Gray indicates small changes that are indistinguishable from noise. Depth-converted structure contours (50-m contour interval) are also shown.
Illumination and the importance of shooting orientation.-We quantify the variation between the 1988 EWHF and the 1988 NSHF surveys by differencing them (the 1988 normalization, Table 2 ). After normalization, the amplitudes are brighter in the EWHF data within the J2 reservoir. This is confirmed because the standard deviation of the EWHF Reservoir Volume (Table 2) is greater than the 1988 NSHF Reservoir Volume (σ x EW = 11.54 versus σ x N S = 9.52). This illustrates the important point that there is spatial variation in the scaling parameters required to normalize these data. Consequently, our assumption that scaling seismic amplitudes to match in a subvolume balance amplitudes in the whole data cube is incorrect in this case. One explanation for this behavior is that the S/N ratio is not constant across the survey volumes. The S/N ratio within a seismic survey varies spatially, depending on many factors, including the orientation of subsurface structures and the changes in reflection coefficient.
O 'Connell et al. (1993) interprets that coarse cross-line sampling in the north-south survey is the predominant cause of differences between the east-west and north-south surveys. The north-south data suffer from pronounced dip-related imaging distortions in the reservoir. As a result, the 1988 east-west survey provides a definite improvement in illumination over the 1988 NSHF survey in the J-sand reservoir region (O'Connell et al., 1993) . Additionally, positioning and focusing errors may be present because of lateral and vertical velocity gradients which O'Connell et al. (1993) expect to vary with sediment dip, velocity gradient, and shooting orientation.
Since the 1988 surveys were acquired concurrently before hydrocarbon production began, rock and fluid properties in the 4D volume should be identical. However, considerable differences exist in the J2 event, even after normalization. In particular, steeply dipping (greater than approximately 10
• ) sections of the J2 have lower amplitude in the 1988 NSHF survey, whereas the gently dipping aquifer region exhibits few amplitude differences between the normalized data points. This behavior is strikingly documented in the 1988 J2 difference map (Figure 15 ).
When the 1997 data are compared with the 1988 data, we find that the EWHF normalization images a greater area of apparent drainage than the NSHF normalization ( Figure 13 ). This is most evident in the northern section of the main J2 reservoir and also around the 1997 oil-water contact. However, production and well log data show that dimming also occurs above the 1997 oil-water contact, where we expect no amplitude change. Instead, we infer that we are observing the result of improved stratigraphic imaging in the 1988 EWHF survey relative to the north-south 1997 survey.
FIG. 14. J2 difference map from the NSLF normalization displayed with prediction bands derived from the NSLF Aquifer Volume (Figure 8c ). Warm colors correspond to where the J2 event has increased in absolute amplitude over time (brightening); cool colors show where the J2 event has decreased in absolute amplitude (dimming). Well A-32-BP and 109-1 are analyzed in Figure 16 . Ironically, the 1988 EWHF is the better survey for traditional 3D stratigraphic and structural interpretation because it images the J-Sands more clearly, but the 1988 NSHF survey is the better survey to compare to the 1997 survey in time-lapse seismic analysis. This is because the imaging in seismic surveys is more consistent when the surveys are acquired in similar orientations. The north-south differences are therefore more likely to represent real rock and fluid changes in the reservoir, rather than being artifacts of different acquisitional parameters.
Bandwidth
The NSLF normalization is more correlated between vintages than the NSHF normalization (Table 5 ). Correlation is greater at all depths (Figure 7d) , and the total Aquifer Volume correlation coefficient is 0.70 compared with r = 0.68 in the NSHF data (Table 5 ). The NSLF difference map shows more significant dimming within water-swept regions of the J2 reservoir than the NSHF normalization ( Figure 14 versus Figure  13b ). Less coherent dimming in the high-frequency normalization is likely to be a consequence of decreasing the S/N ratio of the data by boosting poor S/N high frequencies in the whitening process.
Stratigraphic resolution is an important factor in imaging the Bullwinkle J-Sands because the sands are commonly below tuning thickness. The J1 Sand, which originally contained approximately 35 million bbl of oil, lies imediately above the J2 horizon. It is difficult to resolve in the low-frequency normalized data but is imaged more clearly in the whitened data. Consequently, few significant differences in the J1 event can be observed in the low-frequency normalization, but coherent dimming is observable in the high-frequency normalization above the original oil-water contact. However, differences updip do not provide a clear image of fluid changes, and the 1997 oil-water contact is not discernible.
J2 drainage
We use the NSLF normalization J2 interpretation difference map (Figure 14) to characterize the drainage of the main J2 FIG. 16. Normalized traces extracted from the 1988 and 1997 NSLF normalization volumes at the location of well 109-1 and the difference between them (a). Also shown are the gamma-ray and resistivity logs and the J2 Sand. The 1997 trace dims substantially, by 71%, resulting in a difference that lies well outside the 90% prediction bands (gray box). The production history plot from nearby well A-32-BP (b) shows the well watering out in 1994, when water production (black line) increases and oil (gray line) and gas (dashed line) production falls off. This occurs when the reservoir pressure (circles) is well above the original bubble point pressure (horizontal dashed line), indicating that gas exsolution did not occur.
reservoir. The difference map shows excellent agreement with the independently derived 1997 oil-water contact prediction, including the northern reservoir margin, where the 1997 oilwater contact can be seen cutting across the 3550-m structure contour. The zone of water sweep corresponds to a broad region of consistent dimming.
Well 109-1 is situated in the water-swept section of the reservoir. The oil-water contact moved upward past the well three years before the 1997 survey was acquired, which is clearly demonstrated by the production history of nearby well A-32-BP (Figure 16b ). Figure 16a shows traces extracted at the 109-1 location from both the normalized 1988 and 1997 surveys in the NSLF normalization. Also shown is the difference between them, which reaches a maximum of 71% of the original normalized 1988 amplitude in the J2 event. This degree of amplitude reduction is consistent with Gassmann fluid modeling performed by Comisky (2002) , who predicts an amplitude decrease of 70% in well 109-1.
The region of dimming terminates to the south against a small fault that does not displace the J2 horizon in the seismic surveys ( Figure 14) . The fault does, however, offset the J4 event 100 m below, and its path can be traced by a reduction in horizon amplitude. The large amplitudes in the original amplitude maps die out against this fault, suggesting that it is sealing.
CONCLUSION
We can use a poststack normalization procedure on legacy seismic data to successfully image water sweep in the J2 reservoir. The J2 event exhibits clear seismic dimming associated with production. The region of amplitude reduction corresponds to where production and log data show the oil-water contact has moved upward in response to a strong water-drive mechanism. This contrasts with the K40 horizon at ST 295, where Hoover et al. (1999) find that poor drainage of lowpermeability lithofacies results in a lack of seismic dimming in some parts of the reservoir. There are few areas of bypassed hydrocarbons within the J2 reservoir, indicating that secondary recovery techniques are probably uneconomic at Bullwinkle.
Statistical characterization of the similarity of the seismic data sets, combined with our interpretations of seismic difference maps, show that time-lapse analysis at Bullwinkle is improved by utilizing seismic surveys acquired in similar orientations. It is advantageous to use the NSHF 1988 data as the baseline survey for our time-lapse analysis, despite the fact that the 1988 EWHF survey provides the best original imaging of the J-Sand reservoirs. This is because the 1988 north-south surveys were acquired in a direction closer to that of the 1997 survey and therefore image the J2 event more similarly.
Rather than performing spectral equalization for maximum resolution, we have shown that nonwhitened, high-S/N-ratio surveys provide a more consistent difference image of the J2 reservoir. However, this occurs at the expense of the ability to image changes in smaller reservoirs nearby.
